A simple and straightforward synthesis of hitherto unreported dinaphthocrown ether was accomplished and its binding studies with electron deficient hosts were investigated.
Introduction
Interactions between aromatic molecules have been known and studied for over half a century. Strong attractive interactions between π-systems are a class of noncovalent intermolecular forces to reckon with in chemistry, biology and materials science as they control a range of recognition and self-assembly phenomena such as vertical base pair interactions which stabilize the DNA double helix and also intercalation of drugs into DNA, 1 tertiary structure of proteins, -porphyrin aggregation, 2 packing of aromatic molecules in crystals, 3 complexation in many host-guest systems especially with respect to conformational preferences and binding properties of polyaromatic macrocycles 4 and template directed synthesis.
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Crown ethers and cyclophanes, especially the ones possessing aromatic moieties, are known to form charge transfer complexes with a variety of guests. These macrocycles were used to study complexation of diverse guests to provide new insights into noncovalent binding interactions, chiefly cation-π interactions. These interactions involve the stabilisation of a positive charge by the face of an aromatic ring. 6 The cation-πinteractions are important binding forces in biological receptors like acetyl choline. Sufficiently electron deficient neutral molecules have been shown to bind to the above set of hosts by π type interactions. 7 Stoddart 8 has extensively investigated the interaction of dibenzo crowns 1 ( Fig. 1 ) with the dipyridinium cations, diquat 2 and paraquat 3. A study of the complexation of a family of dibenzocrowns and diquat in acetone divulged that the association constants were sensitive to the polyether chain length.
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Figure 1
An extension of the complexation to the macrocyclic cavity bisparaphenylene-[34]-crown-10 (BPP34C10, 5, Fig. 2 ), generated a highly ordered superstructure, in which the rod like paraquat lies in the cavity of BPP34C10 centrosymmetrically with the methyl groups facing the polyether linkages. 6, (Fig. 2) . 11, 12 This was later extrapolated to some dinaphtho crowns also.
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Figure 2
The above mentioned centrosymmetrically threaded structures form the building blocks for the self-assembly of supramolecular array of interlocked molecules, like the catenanes and rings trapped on the spindles of the dumbbell shaped components, called the rotaxanes (the above structures are often referred to by the term pseudorotaxanes as they lack the bulky stoppers of a dumbbell, indicating that they are free to dissociate).
Figure 3
The π-π interactions have been exploited to the fullest extent in the process of construction of the [2] , [3] and [5] catenanes. X-ray analysis of the crystal structure of the [2]-catenane 6 revealed that mutual recognition between the appropriately located π-donors and π-acceptors is in action within and beyond the molecule forming a continuous π-donor/π-acceptor stack of [2]-catenane 7 (Fig. 3 ).
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Figure 4
Of particular interest to us were the results of a study made on the effect of the spacer unit of the π-donor macrocycle on the catenation yields. 18 The study on the macrocycles ranging from BPP31C9 to BPP46C14 revealed the ideal framework for catenation to be BPP34C10 (70% yield). A smaller size of the cavity is too tight and discomforting for inclusion of the precursor and the larger ones have poor intercomponent recognition due to their inherent flexibility. This provided the necessary impetus for us to synthesise the hitherto unreported 1,4-dinaphtho-34-crown-10 (1,4-DN34C10, 10) and study its complexation capabilities with π-acceptor guests. In addition to providing an excellent framework for π-stacking complexation, 1,4-DN34C10 could also prove to be a good probe for cation detection. Desvergne has shown naphthoquinone and the unstable nature of of the 1,4-naphthalenediol precluded their use. Therefore, the starting material chosen was the 4-bromo-1-naphthol. It was benzylated to get 4-benzyloxy-1-bromonaphthalene 11. On reaction with tetraethylene glycol, 11 yielded two products. 23 Yield of the desired bis ether 12 was 38%. The 1 H NMR spectrum of 12 showed the vicinal protons H-2 and H-3 of naphthalene ring at δ 6.73-6.64 as a quartet, whereas the other aromatic protons resonated at δ 8.30-7.36 (2 multiplets). The benzylic -CH 2 -appeared at δ 5.17 as singlet and the glycol unit displayed the usual AA'XX' pattern. The 13 C NMR spectrum showed 11 aromatic signals and 5 aliphatic signals indicative of the symmetry present in the molecule. The elemental analysis of 12 was also in agreement with its structure. The monosubstituted product 13 was also obtained and characterized routinely. Having achieved the synthesis of 10, attempts were now focused toward improving the yield. Carrying out the reaction under high dilution condition improved the yield to 27%, while a combination of using cesium carbonate and high dilution pushed it up to 32%. 24 The reaction time was also reduced by half. These details are presented in the experimental section. Crystal structure of 1,4-DN34C10 The crystal structure of 1,4-DN34C10 determined by X-ray diffraction methods (isotropic, R = 0.14) at rt revealed that the host belongs to the monoclinic system and crystallises in the centrosymmetric space group, P2 1 /n. The mean planes of the naphthalene rings are almost parallel with an interplanar angle of 2.64 0 . The two rings within the molecule are offset, the distance between the centroids of the two nearest rings being 7.3 Å and the farthest 10.7 Å. The crystal structure discloses that the host has a preorganised (14.5 × 4.5 Å) cavity similar to that of the BPP34C10 (4) cavity. 22 This is, however, not the case with 1,5-dinaphtho-crowns 13 and the dissymmetric crown 9 21 which fill their own cavity as a result of the T-geometry adopted by the aromatic rings. Translation related molecules are stacked along the b axis with the stacking distance between the aromatic rings being 5.12 Å. The 2 1 screw related molecules exhibit herringbone interactions between the farthest naphthalene rings.
Complexation Studies
Having achieved a simple and facile synthesis of 1,4-DN34C10, attention was now focused on its complexing ability. The UV spectrum of 1,4-DN34C10 (in acetonitrile) was found to be sensitive to the addition of Na + ions. The changes in the spectra can be attributed to the conformational reorganization due to complexation. However, the changes were small and therefore no attempts were made to determine the Na + -crown association constants. Also, the cation complexes could not be isolated.
The complexation of 1,4-DN34C10 with organic cations and neutral guests was then explored. Since the host has electron rich naphthalene rings, the guests explored for complexation were the ones that were electron deficient. The guests examined were the quinones, TCNQ, aromatic cations and electron deficient aromatic nitro compounds. Amongst the quinones investigated, only DDQ showed a clear charge transfer complex formation. However, the complex was not of a definite stoichiometry. All other quinones examined (9,10-anthraquinone, 1,4-benzoquinone and 9,10-phenanthrenequinone) and TCNQ did not show any influence on the UV spectrum of 10. The addition of quinones, however, showed a quenching influence on the naphthyl fluorescence. The preferred guests were those that were not only electron deficient and but also the ones that had good π-stacking capabilities like paraquat [1,1-dimethyl-4,4-bipyridinium bis(hexafluorophosphate) , 15] a well tested classical example, phenquat [5,6-dihydropyrazino[1,2,3,4- (Fig. 6 ).
Figure 6
The complexes formed readily. Addition of a molar equivalent of 10 in chloroform to a molar equivalent of the quats in acetone immediately produced a change in the colour of the solution to purple in case of paraquat and brown for phenquat. The change in colour is attributable to charge transfer between the electron rich naphthyl units of 1,4-DN34C10 and the electron-deficient quats. The solutions were then set aside for crystallisation. Paraquat gave deep purple, and phenquat, brown coloured crystals. The host-guest stoichiometry was analysed and found to be 1 : 1 by elemental analysis. The FAB mass spectra of the paraquat and phenquat complexes gave the M + peaks at m/z 1112 and 1134, respectively. The peaks corresponding to the [1,4-DN34C10
•quatPF6] + ion formed as a result of the loss of one PF6 -ion from the 1 : 1 complexes appeared at m/z 967 and 989, respectively. with those of the constituents indicated a dramatic upfield shift for the quat protons as well as the crown protons, particularly, the H-2, H-6 doublet in paraquat and the H-2, H-3 singlet of the naphthyl ring of the crown. The large chemical shifts induced by the macrocyclic host on the guests as well as by the guests on the host are indicative of the inclusion of the guest into the cavity of the host. protons, probably due to weak association of the host and guest (Table 3 ). 
Evaluation of binding constants
In order to further understand the host-guest interactions involved in the above complexes, we attempted to quantify them. 1 H NMR spectroscopy has been extensively employed to determine binding constants of complex formation in host-guest complexes. 26 The method involves titration of host until there is no significant change in the chemical shift of a monitored signal in successive NMR spectra. Then the observed chemical shift of the monitered signal δobsd is given by
where
and K = equilibrium constant
Variation of δ obsd with respect to changes in the host-guest ratio (R) forms the basis of the NMR titration technique for the determination of K values. Equation 1 has two unknown parameters, ∆δ max and K. Using an iterative non-linear curve fitting technique, the values of K and ∆δ max that best simulate the experimental set of data (∆δ and R) can be determined, as reported by Macomber. We chose to evaluate the binding constants of the complexes utilising the above methodology. The titration curves of 1,4-DN34C10 for interaction with guests paraquat 15 and phenquat 16 were obtained by plotting (∆δ versus R) the data being obtained from the direct titration of a known concentration of the host with increasing amounts of the corresponding guest. As is evident from the titration curves ( Fig. 7 and Fig. 8 ) both the quats show a break in the curve as the guest concentration equals that of the host. This is a strong indicator of 1 : 1 binding. 28 However, it was found that the data obtained were inadequate for the purpose of determination of the binding constants due to excessive saturation. So the alternative protocol of dilution was adopted. 28 An equimolar solution of the host and the guest was prepared and its spectrum was recorded. The solution was then progressively diluted and successive spectra were recorded. The ratio of the host to guest was thus constant throughout the experiment. Both the sets of data were combined and the binding constants were evaluated using equation 1, which was fitted employing the Sigma plot curve fitting routine (see experimental section for details). The binding constants (K) and ∆δ max thus obtained are listed in Table 4 . As is evident from the K values, both the quats show strong binding and the host-guest stoichiometry is 1:1.
The titration curve of tetranitrofluorenone versus 1,4-DN34C10 obtained by the direct titration method did not show any signs of saturation even at a host : guest ratio of 1 : 4 (Fig. 9) . Also, the changes in chemical shifts were lower than those obtained for the quats. The stoichiometry of the complex in solution could not be ascertained directly from the titration curve. It was therefore determined by Job's method (Fig. 10 ).
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The plot indicated a host:guest stoichiometry of 1:1 in solution. The NMR titration results mentioned earlier analysed by the curve fitting software assuming a 1:1 stoichiometry gave a K value of 9.71 ± 2.17 M -1 and the ∆δ max was 0.537±0.082. The low value of K and the nonsaturating nature of the titration curve indicate that the binding is weak. 
Figure 10
This paper highlights a short and facile synthesis of the versatile host 1,4-DN34C10. From the preliminary crystal structure data, the host was found to support a preformed cavity for guest binding even in the solid state. Although it forms complexes with electron deficient neutral charged organic guests, the complexes with charged guests have higher binding constants than those with neutral guests.
Experimental Section
General Procedures. All solvents were dried by using appropriate drying agents prior to use. The reagents were purified by employing standard purification techniques. All moisture sensitive reactions were carried out under nitrogen atmosphere. Reagents were transferred using the standard septa-syringe techniques while carrying out dry reactions. 50% Sodium hydride was used for generating the corresponding phenoxide or alkoxide. It was generally washed with dry hexane prior to the addition of the substrate. After the appropriate workup, the organic extracts were washed with water, followed by brine and all organic extracts were dried over anhydrous MgSO 4 .
Melting points were determined on a SUPERFIT melting point apparatus and are uncorrected. IR spectra were recorded on PERKIN-ELMER Model 1310 or JASCO FTIR 5300 instruments. Solid samples were prepared as KBr wafers and liquid samples as a film between NaCl plates. 1 H NMR (100, 200 and 500 MHz) and 13 C NMR (25 and 50 MHz) spectra were recorded on JEOL FX-100, BRUKER AF-200 and ACP 500 NMR spectrometers in chloroformd solutions with tetramethylsilane (TMS) as an internal standard, unless otherwise stated. Elemental analyses were obtained using PERKINELMER model 240C-CHN analyzer. The FAB mass spectra were recorded on JEOL SX102 mass spectrometer at CDRI, Lucknow. Mass spectra were recorded on VG 70-70H instrument at IICT, Hyderabad. 4-Bromonaphthol 23a was benzylated by treating it with benzyl chloride and potassium carbonate in DMF for 18 h to obtain 11 (yield 83%, m.p. 78-80 o C).
1,11-Bis(4'-benzyloxynaphthyloxy)-3,6,9-trioxaundecane (12).
23b To a stirred suspension of sodium hydride (3.38 g, 70 mmol) in DMF (50 ml), was added tetraethylene glycol (6.82 g, 35 mmol) and the mixture was stirred at room temperature for an hour. To this mixture, 4-bromobenzyloxynaphthalene 11 (7.20 g, 70 mmol) in 50 mL DMF was added, followed by CuI (5.90 g, 31 mmol) and the reaction mixture heated at 120 0 for 48h. Usual workup followed by column chromatography yielded 12 (8.80 g, 38%) as a solid and 13 (7.50 g, 50 %) as oil. 89, 148.72, 139.54, 128.60, 127.89, 127.42, 126.65, 125.95, 122.01, 104. 89, 104.77, 70.89, 70.77, 70.36, 70.56, 69.89, 68.24 24, 145.95, 126.48, 122.59, 122.06, 121.83, 108.06, 105.86, 70.65, 70.01, 67.89 . Synthesis of DN34C10, (10). a) To a stirred suspension of sodium hydride (80 mg, 1.68 mmol) in DMF (2 ml) was added dinaphthol 14 (400 mg, 0.84 mmol) dropwise in 2 mL DMF. The mixture was stirred at rt for 30 min. To this tetraethylene glycol ditosylate (472 mg, 0.84 mmol) in 2 ml DMF was added and the reaction mixture was heated at 80 o C for 72 h. It was then quenched with water and extracted with dichloromethane. The dried organic layer was evaporated and the crude product was chromatographed to obtain DN34C10 as a white solid. Yield: 50 mg, 9%.
12.
b) The dinaphthol (455 mg, 0.95 mmol) and tetraethylene glycol ditosylate (477 mg, 0.95 mmol) in 60 mL of DMF were added over a period of 3 h to a stirred and heated suspension of sodium hydride (100 mg, ~2 mmol) in 50 mL DMF. The reaction mixture was heated at 110 o C for a period of 72 h. The solvent was then removed from the reaction mixture under vacuum and was water added to quench the reaction mixture. The organic components were extracted with chloroform. The crude product mixture obtained on the evaporation of the solvent was chromatographed to give pure 10. Yield: 165 mg, 27%. c) To a stirred mixture of Cs 2 CO 3 (2.60 g, 8 mmol), CsOTs (245 mg, 0.80 mmol) and nBu 4 NI (20 mg) in 80 mL of DMF at 110 o C was added a mixture of dinaphthol 14 (380 mg, 0.80 mmol) and tetraethylene glycol ditosylate (400 mg, 0.80 mmol) in 40 mL DMF dropwise over 3 h. The reaction mixture was further heated for 36 h at 110 o C. DMF was removed from the reaction mixture under reduced pressure and the resultant residue was partitioned between chloroform and water, the organic layer dried and concentrated. The crude product was chromatographed to furnish pure 10. . 1,10-Phenanthroline (900 mg, 5 mmol) was refluxed in excess of 1,2-dibromoethane for 30 min. The reaction mixture was then cooled to rt and water added to it. The product, which passed into the aqueous layer, was separated and evaporated. The residue was recrystallised from EtOH. Yield: 392 mg, 20%. 87-8.30 (d, 4H), 7.80-7.75 (m, 8H), 7.42-7.37 (m, 4H), 6.23 (s, 4H), 4.68 (s, 6H), 3.87-3.85 (m, 32H) . Analysis: Calc. for C 48 H 58 O 10 N 2 P 2 F 12 : C,51.79; H,5.25; N,2.52, Found: C,51.50; H,5.24; N,3.03. FAB mass: m/z 1112, 967, 636 .
Preparation of 16 and DN34C10 complex
To a solution of 16 (18 mg, 0.0357 mmol) 57-9.55 (d, 2H), 9.30-9.26 (d, 2H), 8.63-8.56 (m, 2H), 8.10-8.09 (d, 2H), 7.66-7.61 (m, 4H), 7.16-7.11 (m, 4H), 6.14 (s, 4H), 5.63 (s, 4H), 3.91-3.90 (d, 32H A sample containing a known amount of the host in a known volume of the solvent was taken in an NMR tube and the spectrum recorded. To this sample, a known quantity of the guest was added and the spectrum recorded again. The process was repeated. Typically eight to ten spectra were recorded for each determination of the association constant K. The host concentration was of the order of 10 -2 M and the guest concentrations ranged from 10 -3 to 10 -2 M.
The ∆δ values were calculated by substracting the chemical shift of the mixture from that of the pure host. The aromatic signal of the host monitored for the determination of the ∆δ values was the H-2, H-3 singlet which was well separated from other resonances and convenient to monitor. The titration curve of the ∆δvs the guest to host ratio was plotted, to obtain information about the stoichiometry of the complexes. For the dilution protocol, an equimolar solution of the host and the guest, was made by dissolving them in a known volume of acetone-d 6 . The NMR spectrum of the sample was recorded. The solution was then diluted by adding a known volume of acetone-d 6 and the spectrum was recorded again. The process was continued by progressively diluting the mixture. ∆δ values were calculated by taking the difference between the chemical shift of interest in the mixture and the same resonance in the spectrum of the pure host. Both the sets of data were combined and the binding constants evaluated.
Equation 1, given in the results and discussion, was slightly modified for this purpose as follows: G] . A plot of the product of the host concentration and ∆δ vs the guest mole fraction was made. This peaked at the guest mole fraction of 0.5 (the complex concentration would also be maximum at this mole fraction), indicating that the complex has a stoichiometry of 1:1 in solution.
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Structural data
The structure was solved by direct methods and refined isotropically to an R value of 0.14 using 384 above 4 sigma of 1762 reflections. The quality and the quantity of the data were not sufficient for further refinements. Cell dimensions: Crystal structure analysis indicated that the host crystallized in the space group P21/n, monoclinic, Z = 2; cell dimensions: a = 13.108(3)Å, b = 5.120(4)Å, c = 25.201 (7) 
